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There are remarkable similarities between the brains of mammals and birds in terms
of microcircuit architecture, despite obvious differences in gross morphology and
development. While in reptiles and birds the most expanding component (the dorsal
ventricular ridge) displays an overall nuclear shape and derives from the lateral and
ventral pallium, in mammals a dorsal pallial, six-layered isocortex shows the most
remarkable elaboration. Regardless of discussions about possible homologies between
mammalian and avian brains, a main question remains in explaining the emergence of the
mammalian isocortex, because it represents a unique phenotype across amniotes. In this
article, we propose that the origin of the isocortex was driven by behavioral adaptations
involving olfactory driven goal-directed and navigating behaviors. These adaptations
were linked with increasing sensory development, which provided selective pressure for
the expansion of the dorsal pallium. The latter appeared as an interface in olfactory-
hippocampal networks, contributing somatosensory information for navigating behavior.
Sensory input from other modalities like vision and audition were subsequently recruited
into this expanding region, contributing to multimodal associative networks.
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INTRODUCTION
Mammals are the descendants of one of the two main amniote clades that colonized the ground
by developing an egg that could be laid outside of water. This spectacular innovation yielded two
lineages that diverged very early and underwent parallel histories since the late Carboniferous
period, some 300 million mya. One of these is the stem reptile, giving rise to all known reptiles
and birds (together called sauropsids); and the other is represented by the synapsid or mammal-
like reptile. At some point in the Cretaceous, both groups underwent a parallel tendency to increase
brain size, in the twomost successful clades of each branch: mammals and birds. Beside the increase
in brain size, both groups developed highly divergent overall brain anatomies. Sauropsids have
a nuclear-shaped dorsal ventricular ridge (DVR) and mammals display a six-layered isocortex.
Intriguingly, while the gross brain morphology is quite different in these two taxa, studies in the
last 50 years have found significant similarities in brain organization and behavior in the two
groups (Wang et al., 2010; Ahumada-Galleguillos et al., 2015; Calabrese and Woolley, 2015). The
observed disparity between gross morphology and connectivity has raised an agitated controversy
regarding the origins and evolution of such patterns (Aboitiz and Montiel, 2007, 2012). Yet, the
most important question remains, namely why only mammals evolved a laminated isocortex.
In two companion articles to this one (Bosman and Aboitiz, 2015; Montiel and Aboitiz, 2015),
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as well as in previous articles (Aboitiz et al., 2003; Aboitiz,
2011; Aboitiz and Zamorano, 2013), we have elaborated an
evolutionary developmental hypothesis for the unique laminar
development and connectivity of the isocortex. Instead, in this
paper we will discuss the selective processes that participated
in generating these two divergent phenotypes, particularly that
of the mammalian isocortex. Basically, we will argue that the
observed differences in gross anatomical structures between birds
andmammals are the result of contingent adaptations in lifestyle,
reflected in the organization of sensory and motor systems,
which drove mammalian brain development away from a more
conservative developmental trend as is found in sauropsids.
Nonetheless, this condition was no obstacle for the parallel
development of highly similar functional circuits and behaviors
in both lineages (Güntürkün, 2012; Clayton and Emery, 2015).
THE ECOLOGICAL CONTEXT
The main question we address here is what ecological and
adaptive circumstances selected for the origin of the mammalian
brain. To answer this, it is necessary to analyze the ecological
niche these animals created, and consider the behavioral
and sensory adaptations these animals developed. Basically,
the special features that characterize the isocortex are the
consequence of specific sensory and behavioral adaptations
that in turn selected for developmental modulations in the
telencephalon. Initially, these modifications included mainly
olfaction and touch, which were involved in linear navigation
behavior. As mammals invaded new ecological niches, vision
and audition provided additional information about distance and
location. This resulted in the development of the isocortex as
a multimodal associative system that contributed to generate
spatial maps of the environment.
Mesozoic Mammals
Mammals are descendant from cynodonts, a small-sized,
omnivorous synapsid lineage originating in the late Permian
(about 260mya), which gave rise to the first mammal-like
animals in the mid Triassic (230mya). The first mammals
were a diverse group termed mammaliamorphs (miniaturized
mammals such as probainognathids and tritylodontids), which
were replaced by mammaliaforms (including moganucodonts
and docodonts). Finally, the crown or modern mammals
appeared, including fossil triconodontids, multituberculates, and
the extant monotremes and therians (marsupials and placentals,
or eutherians; Kielan-Jaworowska et al., 2004; Luo, 2007; Rowe
and Shepherd, 2015; see Figure 1). The radiation of these early
mammalian clades took place quite early and lasted through the
Jurassic and Cretaceous, but only the monotremes and therians
appear to have lasted beyond the Cretaceous. Thus, contrary to
common belief, early mammals underwent a successful adaptive
radiation throughout the age of dinosaurs (Luo, 2007).
The origin of mammals was marked by several anatomical
and physiological innovations that began with the formation
of a secondary palate in cynodonts. This character permitted a
separation of the nasal structures from the mouth, generating a
moistened air chamber for olfaction. Furthermore, the secondary
palate is associated with profound changes in dental structure for
mastication, in the tongue for swallowing and in the thoracic
cavity that developed a diaphragm for active respiration. The
capacity for smell increased, influencing exploratory behavior
and providing the possibility for retronasal smell and the
generation of complex flavor sensations. These innovations were
concomitant with a modest brain expansion in early mammals,
as exemplified by Morganucodon, a late Triassic-early Jurassic
mammaliaform, in which relative brain size was about 50%
larger than that of basal cynodonts (Rowe et al., 2011; Rowe and
Shepherd, 2015). This increase in brain size is mostly accounted
for by an expansion of the olfactory bulb and olfactory cortex,
although there is also a larger cortical area and an expanded
cerebellum. Moreover, in Castorocauda, a mid-Jurassic beaver-
tailed mammaliaform, there is evidence of pelt and presumably a
somatosensory region in the presumptive isocortex (Rowe et al.,
2011). This may have been accompanied by the formation of
secretory glands, the production of milk and the acquisition
of full homeothermy. An additional increase in brain growth
occurred in Hadrocodium (a small, early crown mammal some
3 cm long, from the early Jurassic in China), where again most
growth was due to the olfactory bulbs and olfactory cortex. In
Hadrocodium, there is detachment of themiddle ear ossicles from
the jaw apparatus, presumably due to expansion of the olfactory
cortex (Rowe et al., 2011; Rowe and Shepherd, 2015). However,
this may not mean a great increase in auditory sensitivity as
the cochlea remained short, as in cynodonts. Hadrocodium still
lacked ossified turbinals (intricate spongy nasal bones that warm
and moisten the air as it enters the lungs), and had a primitive
chewing and swallowing system. Full ossification of the turbinal
bones, that allowed expansion of the olfactory epithelium, is only
seen in more advanced crown mammals.
We will now address the evolution of sensory organs and their
central projections in early mammals, to provide a picture of
their presumed behavior and the selective pressures that were
acting on these sensory systems. We propose that olfaction
(and touch) played a dominant role in the earliest mammals,
participating in linear navigation. In later stages, other senses
(together with increasing motor control) contributed to the
development of a primitive isocortex containing multimodal,
map-like representations of space.
Adaptations to Nocturnal Behavior
It is generally agreed that early mammals underwent a
“nocturnal bottleneck” (Walls, 1942), which is consistent with the
presumed burrowing behavior of cynodonts. However, nocturnal
adaptations most likely arose in the ancestral synapsids some
100 million years before the appearance of the earliest mammals
(Angielczyk and Schmitz, 2014). Ample comparative evidence
supports the nocturnal hypothesis, including the paucity of
chromatic receptor cells and visual pigments in the retina,
the night-adapted eye morphology (bearing a large cornea to
maximize visual input at the expense of acuity, as well as
a tapetum lucidum), and the loss of the corneal UV filter
in the majority of extant mammals (Heesy and Hall, 2010;
Hall et al., 2012; Gerkema et al., 2013). Another character
common in nocturnal animals is binocularity, which is assumed
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FIGURE 1 | Phylogeny of fossil mammals. Critical phylogenetic nodes are shown in numbers. The inset provides a summary diagram of the different clades.
Cynodonts are shown in purple. Node (1, blue) mammaliamorphs, a group of advanced cynodonts; (2, also blue) mammaliaforms. The common ancestor of modern
mammals (crown mammals) is shown at the base of the green tree. This line gives rise to most mesozoic mammals (3, yellow) and to monotremes (4, green). The
common ancestor of therians (marsupials and placentals) stays at the base of (5, blue) marsupials or metatherians and (6, red) placentals or eutherians. Note the
dramatic extinction of mammalian lineages at the end of the Cretaceous, concomitant with the extinction of the dinosaurs. With permission from Luo (2007).
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to provide benefits in light and contrast sensitivity, but not
necessarily in depth perception (Vega-Zuniga et al., 2013). Note
that binocularity is concomitant with growth of the direct
retino-thalamic visual pathway (as opposed to the alternative
visual pathway that relay in the midbrain before reaching the
thalamus, which is the more developed in sauropsids), in both
birds and mammals (Heesy and Hall, 2010; Gaillard et al.,
2013). Noticeably, the chromatine structure of mammalian rod
photoreceptors differs between diurnal and nocturnal mammals,
with nocturnal mammals displaying a unique inverted pattern
with dense heterochromatin condensed in the nucleus’ center,
and euchromatin in the periphery, while diurnal mammals show
the reverse pattern (Solovei et al., 2009). The nocturnal, inverted
pattern generates a geometry that works as a collecting lens that
maximizes light input into the receptor’s light sensitive outer
segment.
It is extremely interesting to compare this pattern with
non-mammalian species to elucidate a possible evolutionary
pattern [note that anthropoid primates are an exception to
many of the above adaptations as they have re-evolved color
vision (Gerkema et al., 2013)]. In these conditions, other senses,
notably olfaction, but also somatosensation and to a lesser extent
audition, underwent a compensatory development, which we
suggest produced a dramatic change in the lifestyle of the early
cynodonts. In later stages, as mammals recolonized diurnal
niches, vision (and audition) contributed a significant input to
behavioral orientation, perhaps concomitant with expansion of
the isocortex.
Audition and Mastication
While the emergence of a tympanic ear took place several times in
amphibians, stem reptiles and mammal-like therapsids (Grothe
and Pecka, 2014), the emergence of the middle ear ossicles and
the consequent amplification of the auditory capacity represent
critical acquisitions in mammalian evolution. This process began
with a series of modifications of the jaw apparatus in relation to
new feeding habits and more elaborate dentition. This condition
resulted in the elaboration of the dentary bone in the mandible,
which began to make contact with the squamosal bone in the
cranium in primitive mammaliamorphs like Pachygenelus (a
small tritylodont cynodont from the early Jurassic), and gradually
replaced the ancestral quadrate-articular jaw joint that is seen in
reptiles and mammal-like reptiles (Luo et al., 2001; Luo, 2007).
The ancestral quadrate and articular bones became released, and
the articular from the lower jaw became the mammalian malleus.
The quadrate from the upper jaw evolved into the incus, and
attached to the stapes via a stapedial process that appears for
the first time in Brasilitherium (a Triassic cynodont from Brazil;
Luo, 2007). The evolution of the middle ear was a gradual and
mosaic process, showing many convergences and divergences
in different lineages that began some 200 million years ago
(Luo et al., 2001; Luo, 2007). Rowe (1996a,b) reported that
detachment of themiddle ear ossicles was initially associated with
an increase in brain size in fossils like Triconodon (a late Jurassic
triconodontid, about the size of a domestic cat) andHadrocodium
(mentioned above). Subsequent evidence showed that in other
early mammals like Repenomanus (a carnivore triconodont from
the early Cretaceous of China) the reverse is the case: they bear
narrow braincases associated with detachment of the middle
ear ossicles, indicating that more likely, the acquisition of the
middle ear predated the increase in brain size in early mammals
(Wang et al., 2001). Another hypothesis is that the volumetric
expansion of the olfactory cortex in the lateral hemisphere of
Hadrocodium forced the detachment of the middle ear ossicles
from the jaw articulation (Rowe and Shepherd, 2015). However,
the fossil Yanocodon (a burrowing triconodont from the early
Cretaceous of China) shows increased brain size and ossicles
still attached to the mandible (Luo, 2007). Nonetheless, Rowe
and Shepherd (2015) interpret this unique fossil specimen as a
juvenile, reminiscent of young marsupials, in which the ossicles
are attached to the jaw during early development, and are
released in later stages.
The elaboration of a coiled cochlea, allowing detection of high
frequency sounds (above 10KHz), took place much later, some
60 million years ago in therian mammals with modern brain
sizes (Manley, 2012, 2013). Enlargement of the cochlea occurred
concomitant with the expansion of the auditory epithelium or
organ of Corti. Furthermore, the elaboration of the cochlea most
likely has been accompanied by the acquisition and gradual
elaboration of prestin-dependent electromotility of hair cells in
therians and placentals, respectively (Liu et al., 2012). As in
reptiles, the monotreme auditory epithelium is separated in two
components: the basilar papilla and the lagenar macula, while
therians have fused both surfaces in the organ of Corti (Fritzsch
et al., 2013). More interestingly, although monotremes have an
incompletely curved cochlea, it shows some mammalian features
like a separation of inner and outer cells in the organ of Corti
and nonlinear, cochlear amplification mechanisms that enhance
auditory perception (Ashwell et al., 2014). Additional evidence
for a mosaic evolution of the inner ear comes from the Jurassic
mammal Dryolestes, which shows derived features of therian-like
auditory cochlear innervation, but still has an uncoiled cochlea
(Luo et al., 2011).
Together with increasing auditory discrimination and
sensitivity to high frequency sounds, audition may have served
a particular role in spatial orientation, by comparing the time
differences between auditory inputs to each ear (determining
azimuth of the sound source), and especially by processing the
variations in the spectral cues associated with movement of
the sound source and the direction of the pinnae (for which
high frequency detection is relevant). An additional factor
are the interaural level differences caused by sound crossing
through the head or the body to reach the ear contralateral
to the sound source (Heffner and Heffner, 1992a; Grothe
and Pecka, 2014). While sauropsids tend to rely mostly on
interaural time differences for sound localization, mammals also
use frequency analysis to detect source movement and sound
distortion processes to obtain spatial information, for which high
frequency detection is highly relevant (Grothe and Pecka, 2014).
Furthermore, auditory localization is tightly correlated with the
control of eye movements (Heffner and Heffner, 1992b).
Although much of sound localization takes place
subcortically, it is possible that the auditory cortex plays a role
in localization of sound sources as well (Lee and Middlebrooks,
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2011). However, it seems that the role of the auditory cortex in
sound localization varies across mammals, as auditory cortex
ablations tend to have little effect in rats but can have severe
effects in cats, dogs, and monkeys (Kelly, 1980; Kelly and
Kavanagh, 1986). We still do not know the extent to which
auditory development contributed to the initial expansion of the
isocortex, but having an efficient system to localize sounds may
have provided benefits for establishing multimodal cognitive
maps in the cortex and hippocampus.
The Somatosensory System and
Exploratory Behavior
Another sensory system that has been considered relevant for
the evolution of the mammalian brain is touch. Mammals
have a skin devoid of scales, usually covered by hair and
highly innervated with different types of mechanoreceptors.
In the region of the mouth, hairs differentiate as sensory
vibrissae that move back and forth; furthermore, in some cases
the mouth and nose themselves become highly specialized
sensorimotor organs. In mammaliamorphs there is evidence
of an increased trigeminal sensory input for perioral tactile
sensation, but also for mastication and the possible development
of muscle spindles and joint receptors that control posture and
movement, providing these animals a mammal-like gait (Rowe
and Shepherd, 2015). Since there is some evidence of mammal-
like skin in mammaliaforms, Rowe and Shepherd (2015)
suggested that these animals already displayed a somatosensory
or somatomotor cortex in their moderately enlarged brain.
Grant et al. (2013) described a similar “whiskering” behavior
in marsupials and rodents. This matches similarities in the
anatomical arrangements of the vibrissal musculature, although
there was a more elaborate whiskering function in rodents.
Unfortunately, extant monotremes bear a derived beak-shaped
mouth and may not be useful as models of early mammalian
oral behavior. Vibrissae and other somatosensory oral structures
can be used in different forms of tactile discrimination (Guic-
Robles et al., 1989, 1992), but importantly they also participate
in localizing and tracking objects (Krupa et al., 2001; Ahissar
and Knutsen, 2008; Knutsen et al., 2008), as well as in orienting
behavior (Hartmann and Bower, 2001). In addition to these
specializations, increasing forepaw control and dexterity due
to the elaboration of descending tracts from the pallium
and the eventual elaboration of a corticospinal tract to the
brainstem was very likely a positive factor in the generation of
exploratory behavior and navigational capacities (Aboitiz and
Montiel, 2007, 2012; Rowe and Shepherd, 2015). This points to
a cooperative interaction between the oral somatosensory and
other sensory and motor systems in spatial orientation in early
mammals. Finally, more sensitive skin may have had important
effects on the social behavior of early mammals, again in co-
evolution with olfactory and pheromonal signals (Porter, 2004;
see below). In this context, Lenschow and Brecht (2015) recently
demonstrated that social contact evokes a strong anticipatory
depolarization and membrane fluctuations in the barrel cortex
of rats (representing the sensory input of whiskers), which are
different from those seen in free whiskering behavior and are not
triggered by non-conspecific stimuli.
Olfaction in Early Mammals
Olfaction is the most expansive sense in mammals, with
an olfactory receptor gene family that makes up 1% of the
mammalian genome, and is some 10-fold larger than in
any other vertebrate group (Niimura, 2009; Hoover, 2010).
Furthermore, by virtue of their diaphragm-based respiration
and the development of a secondary palate in their mouth,
mammals are able to actively sniff the air in search of volatile
substances, and have accordingly developed the nasal turbinals
that facilitated expansion of the olfactory epithelium. This design
also allows the generation of retronasal smelling, which combines
with taste information from the mouth, producing the complex
sense of flavor (Shepherd, 2007; Hoover, 2010). Unfortunately,
the effects of this condition in the evolution of taste, and the
role of taste in mammalian evolution, are subjects of great
interest but there is as yet little comparative evidence. In the
neocortex, gustatory representation lies on the insula and the
frontal lobe. These regions also process internal sensations and
may have benefited from neural expansion in the lateral-frontal
pallium, associated with the development of endothermy and
more sophisticated homeostatic functions (Smart, 2008).
Returning to olfaction, the early cynodont Brasilitherium
already displayed partial ossification of the nasal septum and
expansion of the posterior nasal cavity, as seen in computerized
tomography imaging (Ruf et al., 2014). However, the relative
sizes of olfactory structures started a dramatic expansion in
mammaliaforms, together with a stepwise amplification of brain
size. Rowe et al. (2011) performed X-ray computer tomography
on a series of Cretaceous cynodont, mammaliaform and early
mammalian skulls, unveiling an association between increasing
absolute size of turbinal bones, olfactory bulbs and olfactory
cortex on the one hand, and absolute brain size on the
other. Rowe et al. (2011) largely attributed this finding to
the amplification of olfactive capacity, but also highlighted
the elaboration of somatosensory and auditory processing as
concomitant factors. One important function served by the
olfactory system is olfactory discrimination, both ortho- or
retronasal. Shepherd and others have argued that the olfactory
bulb is capable of generating an “odor image,” while the olfactory
cortex develops “olfactory objects” much like what is found in
different stages of visual processing (Shepherd, 2007; Rowe and
Shepherd, 2015). Importantly, this implies that the olfactory
cortex is functionally equivalent to a higher-order, associative
cortical area rather than to a primary sensory area.
Comparative Development of Mammalian
Olfactory Cortex
Notably, olfactory and olfactory-related brain regions do
not show conservative allometric growth in different
species. In mammals, all prosencephalic (anterior brain)
components—except limbic structures like the olfactory cortex
and hippocampus—follow a general allometric rule in which the
growth relations between components are highly constrained,
within a two or three-fold range, which may give space for
ecological adaptations (Barton et al., 1995; Yopak et al., 2010).
On the other hand, olfactory structures and the hippocampus
correlate positively between them, but their relative sizes show
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a general inverse relation with isocortical growth. That is,
although they may increase in absolute size, this increase is
far more modest than the other brain structures (Reep et al.,
2007). Furthermore, Jacobs (2012) claimed that the relative size
of olfactory systems depends on the predictability of the food
sources in different species. Animals that scan their environment
to obtain prey or that have plenty of food available need little
navigational capacities and score low in relative size of olfactory
components, while species that have to search for their prey tend
to score high in olfactory structures. Moreover, it is one thing to
find one’s source of food, it is another to capture it. Thus, animals
like carnivores, which have to develop complex strategies to
chase their prey, display both relatively large olfactory structures
and a large isocortex, while simians that have no difficulty in
obtaining food but have a complex, visually oriented social life
have a relatively small olfactory system and a large isocortex (see
also Gilad et al., 2004). On the other hand, microbats have both a
small olfactory system and a small neocortex, while prosimians
and insectivores have large olfactory components and a small
isocortex in relation to total brain size. Jacobs (2012) asserts
that prosimians and insectivores, with a large olfactory cortex
and a small isocortex, better resemble the condition of ancestral
mammals.
Olfaction in Social and Maternal Behavior
Social and maternal behaviors were also significant innovations
in early mammalian evolution, and deserve to be discussed in
this context. Considering that early mammals had nocturnal
habits and a significant reduction of the visual system, a
large part of their social signaling system may have relied on
olfactory and pheromone cues. Chemical signals are involved
in territorial marking, individual identification and sexual
behavior, among other functions, which may have been quite
important for early mammalian behavior. The olfactory system
in mammals is importantly connected to areas involved in social
reward, modulating neuroendocrine functions that facilitate
social learning, and maternal behavior (Broad et al., 2006;
Sanchez-Andrade and Kendrick, 2009). The accessory olfactory
bulb can detect chemical signals like proteins of the major
histocompatibility complex or urinary proteins that not only
permit recognizing individuals, but also their genetic relatedness
(Brennan and Kendrick, 2006). Interestingly, mammalian adult
olfactory neurogenesis in rats has been found to depend on
reproductive behavior (Feierstein, 2012). Furthermore, the social
behavior modulators oxytocin and vasopressin are expressed in
the main and accessory olfactory bulbs and participate in the
formation of short-term social odor memories (Wacker and
Ludwig, 2012).
Pheromones and olfactory cuesmay be critical formammalian
maternal behavior through modulation of the neuroendocrine
system (Lévy et al., 2004; Sanchez-Andrade and Kendrick, 2009;
Schaal, 2010). Milk secretion is triggered by oxytocin in response
to the sight, sound and smell of human babies (Leng et al., 2005).
While not lactating, female rodents find the odor of pups aversive,
while after parturition and during lactation, the same stimulus
results in a potent approaching trigger. Furthermore, in rodents
mother-child individual recognition seems to depend exclusively
on the main olfactory system, and the main olfactory bulb
undergoes profound synaptic changes with exposure to offspring
odors at parturition, contributing to the memorization of odors
and long-term maternal behavior (Lévy et al., 2004). Olfaction
is perhaps more important to puppies, who have to search for
the milk sources in their mother’s bellies. In therian mammals,
chemical signals emanating from mammary glands are key for
arousal, attraction and orienting behavior to the mother and to
reach the milk sources (Raihani et al., 2009; Stevenson, 2009;
Schaal, 2010). For example, rabbit kittens have shown specific
nipple-search behavior in response to cues like the mammary
pheromone (Schaal et al., 2003; Raihani et al., 2009). This may
be considered as the earliest navigational function of olfaction in
a newborn mammal. In addition, milk and belly secretions may
have served as the first social signals secreted by early mammals,
as abdominal odor cues are used by newborn mammals to
distinguish between different adult conspecifics (Schaal et al.,
2009).
Nonetheless, monotremes did not concentrate mammary
glands and teats. Milk is produced from secretory glands located
in their bellies, and this condition may be closer to that of early
mammals. Moreover, monotremes start producing milk just after
they lay the eggs, and not at the time newborns hatch (Enjapoori
et al., 2014). One hypothesis claims that milk evolved from belly
secretions that originally served to avoid dessication of the soft-
shelled eggs laid by primitivemammals, resembling the condition
of modern monotremes (Warren et al., 2008). Furthermore,
monotreme milk contains antibacterial proteins that help protect
the altricial newborns from pathogens (Enjapoori et al., 2014).
Interestingly, the nutritious protein component of the milk,
casein, is already present in the milk of monotremes, but these
animals also express vitellogenin in their eggs to nourish the
embryos before hatching. In therians, however, vitellogenin genes
have been pseudogenized (inactivated by nonsense mutations) at
the expense of evolving more copies of casein genes (Brawand
et al., 2008). In living monotremes the olfactory system has
been reported not to be functional at birth (Ashwell, 2012),
perhaps implying that the active compound eliciting preferential
orientation to milk sources is associated with the acquisition of
nipples in therian mammals, or that extant monotremes lost this
capacity in their evolution. The latter is plausible considering that
they have a poorly developed olfactory system, perhaps at the
expense of an increased electrosensory sensitivity that aids them
in searching for food (Ashwell, 2013). Whether early mammals
relied on navigational cues to find their mother and the milk
sources is still unknown, but one can provisionally speculate that
such was the case.
Olfactory Connections with the
Hippocampus and Role in Navigation
Jacobs (2012) recently argued that more than as a sense involved
in discriminating stimuli, olfaction works as a reference system
for spatial navigation, guiding the animal to locate food sources,
or mates (see also Eichenbaum, 1998). Furthermore, Jacobs
(2012) suggested that the navigational properties of the olfactory
system serve as scaffolding for the evolution of a parallel
orientation map in the hippocampus. Despite some variations,
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a hippocampal region associated with spatial orientation (Day
et al., 1999, 2001; Rodríguez et al., 2002), and an important
olfactory-hippocampal projection (Striedter, 2015; Figure 2), are
conserved features of all amniotes. In rodents, the olfactory
system connects with the hippocampus through the entorhinal
cortex, which also forms extensive associative networks with
other sensory modalities in the isocortex (Lynch, 1986; Haberly,
1990; Figure 3).
Hippocampal cells display a fine olfactory recognition
capacity, and spatial and non-spatial (olfactory) responses
segregate in alternating bands in the hippocampal region
(Hampson et al., 1999). According to Eichenbaum (1998), more
than participating in sensory discrimination, the hippocampus
is critical for associating relationships between different odors
and for associating odors with different situations. In this line,
Vanderwolf (2001) observed in the rat strong oscillatory gamma
FIGURE 2 | Olfactory projections to the hippocampus in birds, reptiles, and mammals. Based on Striedter (2015), with permission. CA1, Cornu Ammonis 1;
CA3, Cornu Ammonis 3; Cx, Cortex; DG, Dentate gyrus; DLA, Dorsolateral anterior nucleus; DLAm, medial part of the dorsolateral anterior nucleus; DTh, Dorsal
thalamus; HTh, Hypothalamus; ERCx, Entorhinal cortex; DCx, Dorsal cortex; DL, dorsolateral division of the hippocampus; DM, dorsomedial division of the
hippocampus; DMCx, Dorsomedial cortex; LCx, Lateral cortex; N, Nidopallium; MCx, Medial cortex; OCx, Olfactory cortex; Sept, Septum; V, ventral division of the
hippocampus (also named V-shaped area).
FIGURE 3 | Connections between the olfactory cortex, the hippocampus and the frontal cortex in mammals. Note the thalamic olfactory projection that is
relayed to the frontal cortex. Modified from Lynch (1986), Figure 8A, pp. 28, ©1986 Massachusetts Institute of Technology, by permission of The MIT Press.
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activity in the hippocampus, associated with active sniffing
or by blowing odorants with a cannula under anesthesia, but
not by stimulating other modalities in absence of movements.
In line with our argument, Vanderwolf proposed that the
hippocampus is basically an olfactory-motor system and the
cognitive functions of this structure are a secondary acquisition.
Furthermore, hippocampal “time cells” have been described that
codify sequences of events that contribute to the formation of a
spatio-temporal representation of the environment (MacDonald
et al., 2011; Eichenbaum, 2014; Davachi and DuBrow, 2015).
These representations are relayed to the prefrontal cortex
to assimilate new memories in contextual networks in the
process of memory consolidation (Preston and Eichenbaum,
2013).
Nonetheless, a more widespread interpretation of
hippocampal function is that it contributes to establishing
a Cartesian map of the space in which the animal navigates.
Crucial elements for this function are the so-called “place
cells” located in the hippocampal CA1 region, and the “grid
cells” in the entorhinal cortex (Alme et al., 2014; Krupic
et al., 2015). Particularly, the grid cells of the entorhinal
cortex generate a bidimensional, grid-like periodic pattern as
the animal moves in space (Fyhn et al., 2004; Hafting et al.,
2005) and seem to be critical for spatial orientation. During
navigation, information must be integrated between egocentric
external cues and allocentric updates of current actions
and position. Both kinds of signals are required to generate
a time-independent, two-dimensional map during spatial
exploration, provided by hippocampal place cells (Buzsáki,
2005). Particularly relevant in this context is information
about head direction signals, conveying information from
vestibular and motor systems, which provide a directional
axis during exploration (Taube, 2007). These two types of
input (external cues and body position and movement) are
segregated in different regions of the entorhinal cortex, the
dorsolateral entorhinal cortex providing information about
external sensory cues, and the ventromedial entorhinal cortex
conveying information about self-position and motion (Fyhn
et al., 2004; Lisman, 2007). While the classical view is that
entorhinal grid cells preferentially code information about the
animal’s self-motion (propioception), some evidence indicates
that in some conditions, navigation is possible using only sensory
landmarks (Poucet et al., 2013) These authors propose that
bodily information is crucial for navigation, particularly in the
dark, where grid cells are driven by self-motion inputs and
in turn grid cells drive hippocampal place cells (Poucet et al.,
2013).
Lastly, it is worth mentioning that the main regions in which
adult neurogenesis occurs in mammals are precisely the olfactory
bulb (Sanai et al., 2011) and the dentate gyrus of the hippocampus
(Song et al., 2012). In this context, Sahay et al. (2011) have
proposed that, despite their apparent differences, new granule
cells in both structures reflect an adaptive mechanism to encode
contextual information by modulating the process of pattern
separation, that is, dissociating similar inputs on the basis of
contextual information.
The Isocortex as a Multimodal Interface
Early mammals were probably nocturnal and fossorial, a
condition in which internal cues like propioceptive information,
together with sensory information from the olfactory and the
somatosensory systems were crucial for linear navigation. In
these conditions, orientation may have relied mainly on one-
dimensional maps, coding for sequences of events in a time series
(Buzsáki, 2005; Eichenbaum, 2014). However, as early mammals
started to diversify and invaded diurnal niches, additional
sensory inputs like vision and hearing, providing more detailed
information on spatial relations, became increasingly important
for generating accurate bidimensional and time-independent
spatial maps.
Noticeably, the reptilian dorsal cortex (presumably a field
homolog to the mammalian isocortex) can be compared in
function and structure with the entorhinal and subicular cortices
of mammals, which connect cortical and limbic areas with
the hippocampus (Powers, 1990; Aboitiz et al., 2003; Aboitiz
and Montiel, 2007; Butler et al., 2011). In this context, the
early isocortex may have differentiated from the ancestral dorsal
pallium (dorsal cortex in reptiles), as an interface between the
olfactory cortex and the hippocampus to provide additional
sensory information involved in navigation, perhaps initially
somatosensory (Aboitiz et al., 2003; Aboitiz and Montiel, 2007).
Supporting this proposal, the early mammaliaform Castorocauda
may have had a rudimentary somatosensory cortex (Rowe et al.,
2011), contributing to orientation behavior. Even if the reptilian
dorsal cortex receives visual input, it does not participate in vision
but rather in learning and memory (Powers, 1990). This may
have been the case in early mammals, especially considering their
nocturnal, burrowing habits. At later stages, the early expansion
of the somatosensory region provided a substrate for the eventual
strengthening of additional inputs like vision, especially when
animals invaded diurnal niches.
In its origins, the expanding dorsal pallium of cynodonts
and mammaliaforms displayed a predominantly tangential
organization, with afferents running in the superficial marginal
zone and contacting the apical dendrites of pyramidal neurons,
as observed in the dorsal cortex of reptiles and the olfactory
cortex of mammals and reptiles (Fournier et al., 2015; Naumann
et al., 2015). This resembles the anatomical disposition of cortical
afferents in small-brained, extant mammals (Nieuwenhuys,
1994). Furthermore, the neocortex has been claimed to display
an intrinsic tangential organization, reminiscent of that of the
olfactory cortex (for more details, see Shepherd, 2007, 2011;
Bosman and Aboitiz, 2015; Fournier et al., 2015; Naumann
et al., 2015). The radial organization of the modern isocortex
was acquired later in crown mammals or their direct ancestors,
concomitant with the differentiation of primary sensory areas.
There were several embryonic mechanisms involved in the
generation of a radial arrangement, including the development
of an embryonic subplate, the amplification of reelin signaling,
and the differentiation of a proliferative subventricular zone in
the developing neuroepithelium (reviewed in Aboitiz et al., 2003;
Aboitiz and Montiel, 2007; Montiel and Aboitiz, 2015; see also
Abe et al., 2015). Thus, in its origins, the rudimentary isocortex
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was “imprinted” by the tangential and laminar architecture of
the olfactory cortex and hippocampus, and became modified
into a radial design only at later stages. This view is consistent
with Sanides’ original notion that the cerebral cortex initially
developed by the expansion of peri-allocortical regions, which
serve as an interface between the neocortex and limbic cortices
(Sanides, 1968).
In the common ancestor of crownmammals, the isocortex was
fully developed and had a conspicuous radial organization, with
four visual areas, four somatosensory areas, a gustatory or insular
region, and an auditory area (Kaas, 2013). In addition, there were
medial and orbitofrontal cortices rostrally and a cingulate cortex
medially (Kaas, 2013). More recently, a posterior parietal and a
multimodal area were also described in the opossum, suggesting
that somatosensory and multimodal regions were also important
in the isocortex of primitive mammals (Dooley et al., 2015).
Analyzing the phylogenetic distribution of the gyrencephaly
index (the degree of convolutedness) across 102 mammalian
species, Lewitus et al. (2014) concluded that the common
ancestor of crown mammals was most likely gyrencephalic. This
implies that the small, lissencephalic brains of some species like
insectivores should be viewed as derived, simplified forms, or
alternatively that gyrification took place many times in modern
mammals.
DISCUSSION
Brain size has increased significantly only in mammals and birds.
In both cases, the increase in exploratory behavior propelled
by homeothermy, benefited from increased telencephalic,
associative networks conveying multimodal information
about spatial relations. In mammals, early brain expansion
was associated with olfactory navigation (together with
somatosensory and propioceptive information), while sauropsids
relayed mainly on vision. This difference established a diverging
point after which mammals and birds underwent separate
evolutionary trajectories, while conserving basic functional
mechanisms of neural processing (Aboitiz and Montiel, 2012;
Montiel and Molnár, 2013).
In the Mesozoic, early mammals were a successful clade
that radiated, together with the diversification of flowering
plants and the insects that coevolved with them (Aboitiz and
Montiel, 2012). Nonetheless, the ecological niche that early
mammals constructed was characterized by some key features
like a burrowing, nocturnal way of life, and mothering behavior,
together with the secretion of milk. The masticatory apparatus
underwent dramatic rearrangements and liberated the ancestral
jaw articulation to eventually become co-opted for impedance
amplification in the middle ear ossicles. Furthermore, the loss
of scales and increasing tactile behavior, particularly in the
front of the mouth, together with the development of tactile
vibrissae, facilitated exploratory behavior and were important in
subterranean burrows.
Although we now know that Mesozoic mammals exploited
a variety of ecological options, we can speculate that increasing
somatosensory sensitivity in the mouth, the elaboration of
direct motor cortical control of the forepaws (which is more
pronounced in digging mammals; Heffner and Masterton,
1983), the development of eyelids and even possibly the
loss of scales (for example the naked mole rat; Dhouailly,
2009) may be consequences of another early, burrowing
“bottleneck” beside the nocturnal adaptations, that yielded
profound modifications in these animals. In these conditions
early mammaliaforms may have relied on predominantly
olfactory information to orient themselves. The olfactory-
hippocampal axis has been proposed as a key network for
orienting behavior and spatial navigation (Jacobs, 2012), which,
while it may be relevant in most vertebrates, was critical for
the behavior of the earliest mammals. Additionally, a critical
component at this point was somatosensation, particularly in the
orofacial region, which projects to the dorsal pallium where the
isocortex emerged. Furthermore, moderately increasing auditory
sensitivity may have been relevant in subterranean life, especially
for social communication. However, the major expansion of
the isocortex took place in later stages, when other senses
(like vision and audition) began to provide information to the
hippocampus to generate multimodal, bidimensional orientation
maps.
Our hypothesis has common ground with those proposed by
Lynch (1986), Rowe et al. (2011), and Rowe and Shepherd (2015)
in that olfactory systems were key in early mammal evolution.
We add to these hypotheses the role of the emergent isocortex
as a multimodal interface in the olfactory-hippocampal axis for
behavioral navigation. In primitive cynodonts, orientation was
based on sequential time series based on olfactory, tactile and
proprioceptive cues. Expansion of the isocortex was associated
with the inclusion of other sensory modalities like vision and
audition, yielding bidimensional orientationmaps of space rather
than a linear representation of items.
Finally, we highlight the argument that brain evolution
cannot be fully understood through developmental, anatomical,
functional, or behavioral perspectives alone. This is because we
need to combine such approaches to reach a comprehensive
understanding of the genetic and epigenetic mechanisms
generating developmental variability, in concert with the
selective pressures exerted by the ecological and behavioral
conditions animals face to successfully reproduce. Given this
background, brain evolution is subject to conserved processes
to which contingent adaptations are added, that may leave
enduring marks in subsequent evolutionary modifications (like
isocortical lamination). On the other hand, there are also
conserved requirements for proper brain function and for the
generation of complex perception and behavior that shape
circuit and network architecture in similar ways in different
lineages.
ACKNOWLEDGMENTS
Funded by the Millennium Center for the Neuroscience of
Memory, Chile, Grant No. NC10-001-F to FA. We are also
grateful to the reviewers of this article for their accurate
observations, which significantly helped to improve this paper.
Frontiers in Neuroscience | www.frontiersin.org 9 October 2015 | Volume 9 | Article 402
Aboitiz and Montiel An ecological context for the evolutionary development of the isocortex
REFERENCES
Abe, P., Molnár, Z., Tzeng, Y.-S., Lai, D.-M., Arnold, S. J., and Stumm, R. (2015).
Intermediate progenitors facilitate intracortical progression of thalamocortical
axons and interneurons through CXCL 12 chemokine signaling. J. Neurosci. 35,
13053–13063. doi: 10.1523/JNEUROSCI.1488-15.2015
Aboitiz, F. (2011). Genetic and developmental homology in amniote brains.
Toward conciliating radical views of brain evolution. Brain Res. Bull. 84,
125–136. doi: 10.1016/j.brainresbull.2010.12.003
Aboitiz, F., and Montiel, J. (2007). Origin and evolution of the vertebrate
telencephalon, with special reference to the mammalian neocortex. Adv. Anat.
Embryol. Cell Biol. 193, 1–112. doi: 10.1007/978-3-540-49761-5
Aboitiz, F., and Montiel, J. F. (2012). From tetrapods to primates: conserved
developmental mechanisms in diverging ecological adaptations. Prog. Brain
Res. 195, 3–24. doi: 10.1016/B978-0-444-53860-4.00001-5
Aboitiz, F., Morales, D., and Montiel, J. (2003). The evolutionary origin
of the mammalian isocortex: towards an integrated developmental and
functional approach. Behav. Brain Sci. 26, 535–552. discussion: 552–585. doi:
10.1017/s0140525x03000128
Aboitiz, F., and Zamorano, F. (2013). Neural progenitors, patterning and
ecology in neocortical origins. Front. Neuroanat. 7:38. doi: 10.3389/fnana.2013.
00038
Ahissar, E., and Knutsen, P. M. (2008). Object localization with whiskers. Biol.
Cybern. 98, 449–458. doi: 10.1007/s00422-008-0214-4
Ahumada-Galleguillos, P., Fernández, M., Marin, G. J., Letelier, J. C., and
Mpodozis, J. (2015). Anatomical organization of the visual dorsal ventriculr
ridge in the chick (Gallus gallus): layers and columns in the avian pallium.
J. Comp. Neurol. 523, 2618–2636. doi: 10.1002/cne.23808
Alme, C. B., Miao, C., Jezek, K., Treves, A., Moser, E. I., and Moser, M.-B. (2014).
Place cells in the hippocampus: eleven maps for eleven rooms. Proc. Natl. Acad.
Sci. U.S.A. 111, 18428–18435. doi: 10.1073/pnas.1421056111
Angielczyk, K. D., and Schmitz, L. (2014). Nocturnality in synapsids predates the
origin of mammals by over 100 million years. Proc. Biol. Sci. 281:20141642. doi:
10.1098/rspb.2014.1642
Ashwell, K. W. S. (2012). Development of the olfactory pathways in platypus and
echidna. Brain Behav. Evol. 79, 45–56. doi: 10.1159/000332804
Ashwell, K. W. S. (ed.). (2013). “Chemical senses: olfactory and gustatory systems,”
in Neurobiology of Monotremes Brain Evolution in Our Distant Mammalian
Cousins (Collingwood, ON: CSIRO Publishing), 235–250.
Ashwell, K. W. S., Hardman, C. D., and Musser, A. M. (2014). Brain and
behaviour of living and extinct echidnas. Zoology (Jena) 117, 349–361. doi:
10.1016/j.zool.2014.05.002
Barton, R. A., Purvis, A., and Harvey, P. H. (1995). Evolutionary radiation of visual
and olfactory brain systems in primates, bats and insectivores. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 348, 381–392. doi: 10.1098/rstb.1995.0076
Bosman, C. A., and Aboitiz, F. (2015). Functional constraints in the evolution of
brain circuits. Front. Neurosci. 9:303. doi: 10.3389/fnins.2015.00303
Brawand, D., Wahli, W., and Kaessmann, H. (2008). Loss of egg yolk genes in
mammals and the origin of lactation and placentation. PLoS Biol. 6:e63. doi:
10.1371/journal.pbio.0060063
Brennan, P. A., and Kendrick, K. M. (2006). Mammalian social odours: attraction
and individual recognition. Philos. Trans. R. Soc. Lond. B Biol. Sci. 361,
2061–2078. doi: 10.1098/rstb.2006.1931
Broad, K. D., Curley, J. P., and Keverne, E. B. (2006). Mother–infant bonding and
the evolution of mammalian social relationships. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 361, 2199–2214. doi: 10.1098/rstb.2006.1940
Butler, A. B., Reiner, A., and Karten, H. J. (2011). Evolution of the amniote pallium
and the origins of mammalian neocortex.Ann. N.Y. Acad. Sci. 1225, 14–27. doi:
10.1111/j.1749-6632.2011.06006.x
Buzsáki, G. (2005). Theta rhythm of navigation: link between path integration
and landmark navigation, episodic and semantic memory. Hippocampus 15,
827–840. doi: 10.1002/hipo.20113
Calabrese, A., and Woolley, S. M. N. (2015). Coding principles of the canonical
cortical microcircuit in the avian brain. Proc. Natl. Acad. Sci. U.S.A. 112,
3517–3522. doi: 10.1073/pnas.1408545112
Clayton, N. S., and Emery, N. J. (2015). Avian models of human cognitive
neuroscience: a proposal. Neuron 86, 1330–1342. doi: 10.1016/j.neuron.
2015.04.024
Davachi, L., and DuBrow, S. (2015). How the hippocampus preserves order:
the role of prediction and context. Trends Cogn. Sci. 19, 92–99. doi:
10.1016/j.tics.2014.12.004
Day, L. B., Crews, D., and Wilczynski, W. (1999). Spatial and reversal learning in
congeneric lizards with different foraging strategies. Anim. Behav. 57, 393–407.
doi: 10.1006/anbe.1998.1007
Day, L. B., Crews, D., and Wilczynski, W. (2001). Effects of medial and dorsal
cortex lesions on spatial memory in lizards. Behav. Brain Res. 118, 27–42. doi:
10.1016/S0166-4328(00)00308-9
Dhouailly, D. (2009). A new scenario for the evolutionary origin of hair,
feather, and avian scales. J. Anat. 214, 587–606. doi: 10.1111/j.1469-7580.2008.
01041.x
Dooley, J. C., Franca, J. G., Seelke, A. M., Cooke, D. F., and Krubitzer, L. A.
(2015). Evolution of mammalian sensorimotor cortex: thalamic projections to
parietal cortical areas in Monodelphis domestica. Front. Neuroanat. 8:163. doi:
10.3389/fnana.2014.00163
Eichenbaum, H. (1998). Using olfaction to study memory. Ann. N.Y. Acad. Sci.
855, 657–669. doi: 10.1111/j.1749-6632.1998.tb10642.x
Eichenbaum, H. (2014). Time cells in the hippocampus: a new dimension for
mapping memories. Nat. Rev. Neurosci. 15, 732–744. doi: 10.1038/nrn3827
Enjapoori, A. K., Grant, T. R., Nicol, S. C., Lefèvre, C. M., Nicholas, K. R.,
and Sharp, J. A. (2014). Monotreme lactation protein is highly expressed in
monotreme milk and provides antimicrobial protection. Genome Biol. Evol. 6,
2754–2773. doi: 10.1093/gbe/evu209
Feierstein, C. E. (2012). Linking adult olfactory neurogenesis to social behavior.
Front. Neurosci. 6:173. doi: 10.3389/fnins.2012.00173
Fournier, J., Müller, C. M., and Laurent, G. (2015). Looking for the roots of cortical
sensory computation in three-layered cortices. Curr. Biol. 31, 119–126. doi:
10.1016/j.conb.2014.09.006
Fritzsch, B., Pan, N., Jahan, I., Duncan, J. S., Kopecky, B. J., Elliott, K. L.,
et al. (2013). Evolution and development of the tetrapod auditory system:
an organ of Corti-centric perspective. Evol. Dev. 15, 63–79. doi: 10.1111/ede.
12015
Fyhn, M., Molden, S., Witter, M. P., Moser, E. I., and Moser, M. B. (2004).
Spatial representation in the entorhinal cortex. Science 305, 1258–1264. doi:
10.1126/science.1099901
Gaillard, F., Karten, H. J., and Sauvé, Y. (2013). Retinorecipient areas in the
diurnal murine rodent Arvicanthis niloticus: a disproportionally large superior
colliculus. J. Comp. Neurol. 521, 1699–1726. doi: 10.1002/cne.23303
Gerkema, M. P., Davies, W. I. L., Foster, R. G., Menaker, M., and Hut, R. A. (2013).
The nocturnal bottleneck and the evolution of activity patterns in mammals.
Proc. Biol. Sci. 280:20130508. doi: 10.1098/rspb.2013.0508
Gilad, Y., Wiebe, V., Przeworski, M., Lancet, D., and Pääbo, S. (2004). Loss of
olfactory receptor genes coincides with the acquisition of full trichromatic
vision in primates. PLoS Biol. 2:E5. doi: 10.1371/journal.pbio.0020005
Grant, R. A., Haidarliu, S., Kennerley, N. J., and Prescott, T. J. (2013). The evolution
of active vibrissal sensing inmammals: evidence from vibrissal musculature and
function in the marsupial opossum Monodelphis domestica. J. Exp. Biol. 216,
3483–3494. doi: 10.1242/jeb.087452
Grothe, B., and Pecka, M. (2014). The natural history of sound localization in
mammals—a story of neuronal inhibition. Front. Neural Circuits 8:116. doi:
10.3389/fncir.2014.00116
Guic-Robles, E., Jenkins, W. M., and Bravo, H. (1992). Vibrissal roughness
discrimination is barrelcortex-dependent. Behav. Brain Res. 48, 145–152. doi:
10.1016/s0166-4328(05)80150-0
Guic-Robles, E., Valdivieso, C., andGuajardo, G. (1989). Rats can learn a roughness
discrimination using only their vibrissal system. Behav. Brain Res. 31, 285–289.
doi: 10.1016/0166-4328(89)90011-9
Güntürkün, O. (2012). The convergent evolution of neural substrates for cognition.
Psychol. Res. 76, 212–219. doi: 10.1007/s00426-011-0377-9
Haberly, L. (1990). “Comparative aspects of olfactory cortex,” in Cerebral Cortex,
Vol. 8B, eds E. G. Jones and A. Peters (New York, NY: Springer), 137–164.
Hafting, T., Fyhn, M., Molden, S., Moser, M. B., and Moser, E. I. (2005).
Microstructure of a spatial map in the entorhinal cortex. Nature 436, 801–806.
doi: 10.1038/nature03721
Hall, M. I., Kamilar, J. M., and Kirk, E. C. (2012). Eye shape and the
nocturnal bottleneck of mammals. Proc. Biol. Sci. 279, 4962–4968. doi:
10.1098/rspb.2012.2258
Frontiers in Neuroscience | www.frontiersin.org 10 October 2015 | Volume 9 | Article 402
Aboitiz and Montiel An ecological context for the evolutionary development of the isocortex
Hampson, R. E., Simeral, J. D., and Deadwyler, S. A. (1999). Distribution of spatial
and nonspatial information in dorsal hippocampus. Nature 402, 610–614. doi:
10.1038/45154
Hartmann, M. J., and Bower, J. M. (2001). Tactile responses in the granule cell layer
of cerebellar folium crus IIa of freely behaving rats. J. Neurosci. 21, 3549–3563.
doi: 10.1016/0166-4328(87)90243-9
Heesy, C. P., and Hall, M. I. (2010). The nocturnal bottleneck and the evolution of
mammalian vision. Brain Behav. Evol. 75, 195–203. doi: 10.1159/000314278
Heffner, R. S., and Heffner, H. E. (1992a). “Evolution of sound localization in
mammals,” in The Evolutionary Biology of Hearing, eds D. B. Webster, A. N.
Popper, and R. R. Fay (New York, NY: Springer-Verlag), 691–715.
Heffner, R. S., and Heffner, H. E. (1992b). Visual Factors in sound localization in
mammals. J. Comp. Neurol. 317, 219–232. doi: 10.1002/cne.903170302
Heffner, R. S., and Masterton, R. B. (1983). The role of the corticospinal tract in
the evolution of human digital dexterity. Brain Behav. Evol. 23, 165–183. doi:
10.1159/000121494
Hoover, K. C. (2010). Smell with inspiration: the evolutionary significance
of olfaction. Am. J. Phys. Anthropol. 143(Suppl. 51), 63–74. doi:
10.1002/ajpa.21441
Jacobs, L. F. (2012). From chemotaxis to the cognitive map: the function of
olfaction. Proc. Natl. Acad. Sci. U.S.A. 109(Suppl. 1), 10693–10700. doi:
10.1073/pnas.1201880109
Kaas, J. H. (2013). The evolution of brains from early mammals to humans.Wiley
Interdiscip. Rev. Cogn. Sci. 4, 33–45. doi: 10.1002/wcs.1206
Kelly, J. B. (1980). Effects of auditory cortical-lesions on sound localization by the
rat. J. Neurophys. 44, 1161–1174.
Kelly, J. B., and Kavanagh, G. L. (1986). Effects of auditory cortical lesions on pure-
tone sound localization by the albino rat. Behav. Neurosci. 100, 569–575. doi:
10.1037/0735-7044.100.4.569
Kielan-Jaworowska, Z., Cifelli, R., and Luo, Z.-X. (2004).Mammals from the Age of
Dinosaurs. New York, NY: Columbia University Press.
Knutsen, P. M., Biess, A., and Ahissar, E. (2008). Vibrissal kinematics in 3D: tight
coupling of azimuth, elevation, and torsion across different whisking modes.
Neuron 59, 35–42. doi: 10.1016/j.neuron.2008.05.013
Krupa, D. J., Matell, M. S., Brisben, A. J., Oliveira, L. M., and Nicolelis, M.
(2001). Behavioral properties of the trigeminal somatosensory system in
rats performing whisker-dependent tactile discriminations. J. Neurosci. 21,
5752–5763. doi: 10.1002/cne.902630209
Krupic, J., Bauza, M., Burton, S., Barry, C., and O’Keefe, J. (2015). Grid cell
symmetry is shaped by environmental geometry. Nature 518, 232–235. doi:
10.1038/nature14153
Lee, C. C., and Middlebrooks, J. C. (2011). Auditory cortex spatial sensitivity
sharpens during task performance. Nat. Neurosci. 14, 108–114. doi:
10.1038/nn.2713
Leng, G., Caquineau, C., and Sabatier, N. (2005). Regulation of oxytocin secretion.
Vitam. Horm. 71, 27–58. doi: 10.1016/S0083-6729(05)71002-5
Lenschow, C., and Brecht, M. (2015). Barrel cortex membrane potential dynamics
in social touch. Neuron 85, 718–725. doi: 10.1016/j.neuron.2014.12.059
Lévy, F., Keller, M., and Poindron, P. (2004). Olfactory regulation of
maternal behavior in mammals. Horm. Behav. 46, 284–302. doi:
10.1016/j.yhbeh.2004.02.005
Lewitus, E., Kelava, I., Kalinka, A. T., Tomancak, P., and Huttner, W. B.
(2014). An adaptive threshold in mammalian neocortical evolution. PLoS Biol.
12:e1002000. doi: 10.1371/journal.pbio.1002000
Lisman, J. E. (2007). Role of the dual entorhinal inputs to hippocampus: a
hypothesis based on cue/action (non-self/self) couplets. Prog. Brain Res. 163,
615–625. doi: 10.1016/S0079-6123(07)63033-7
Liu, Z., Li, G.-H., Huang, J.-F., Murphy, R. W., and Shi, P. (2012). Hearing aid for
vertebrates via multiple episodic adaptive events on prestin genes. Mol. Biol.
Evol. 29, 2187–2198. doi: 10.1093/molbev/mss087
Luo, Z.-X. (2007). Transformation and diversification in early mammal evolution.
Nature 450, 1011–1019. doi: 10.1038/nature06277
Luo, Z. X., Crompton, A. W., and Sun, A. L. (2001). A new mammaliaform from
the early Jurassic and evolution of mammalian characteristics. Science 292,
1535–1540. doi: 10.1126/science.1058476
Luo, Z.-X., Ruf, I., Schultz, J. A., andMartin, T. (2011). Fossil evidence on evolution
of inner ear cochlea in Jurassic mammals. Proc. Biol. Sci. 278, 28–34. doi:
10.1098/rspb.2010.1148
Lynch, G. (1986). Synapses, Circuits, and The Beginnings of Memory. Cambridge,
MA: MIT Press.
MacDonald, C. J., Lepage, K. Q., Eden, U. T., and Eichenbaum, H. (2011).
Hippocampal “time cells” bridge the gap in memory for discontiguous events.
Neuron 71, 737–749. doi: 10.1016/j.neuron.2011.07.012
Manley, G. A. (2012). Evolutionary paths to mammalian cochleae. J. Assoc. Res.
Otolaryngol. 13, 733–743. doi: 10.1007/s10162-012-0349-9
Manley, G. A. (2013). Mosaic evolution of the mammalian auditory periphery.
Adv. Exp. Med. Biol. 787, 3–9. doi: 10.1007/978-1-4614-1590-9_1
Montiel, J. F., and Aboitiz, F. (2015). Pallial patterning and the origin of the
isocortex. Front. Neurosci. 9:377. doi: 10.3389/fnins.2015.00377
Montiel, J. F., and Molnár, Z. (2013). The impact of gene expression analysis on
evolving views on avian brain organization. J. Comp. Neurol. 521, 3604–3613.
doi: 10.1002/cne.23403
Naumann, R. K., Ondracek, J. M., Reiter, S., Shein-Idelson, M., Tosches, M. A.,
Yamawaki, T. M., et al. (2015). The reptilian brain. Curr. Biol. 25, R301–R321.
doi: 10.1016/j.cub.2015.02.049
Nieuwenhuys, R. (1994). The neocortex - an overview of its evolutionary
development, structural organization and synaptology. Anat. Embryol. 190,
307–337.
Niimura, Y. (2009). On the origin and evolution of vertebrate olfactory receptor
genes: comparative genome analysis among 23 chordate species. Genome Biol.
Evol. 1, 34–44. doi: 10.1093/gbe/evp003
Porter, R. H. (2004). The biological significance of skin-to-skin contact
and maternal odours. Acta Paediatr. 93, 1560–1562. doi: 10.1111/j.1651-
2227.2004.tb00843.x
Poucet, B., Sargolini, F., Song, E. Y., Hangya, B., Fox, S., and Muller, R. U. (2013).
Independence of landmark and self-motion-guided navigation: a different role
for grid cells. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130370. doi:
10.1098/rstb.2013.0370
Powers, A. S. (1990). “Brain mechanisms of learning in reptiles,” in Neurobiology
of Comparative Cognition, eds R. P. Kesner and D. S. Olton (New York, NY:
Erlbaum Press), 75–87.
Preston, A. R., and Eichenbaum, H. (2013). Interplay of hippocampus
and prefrontal cortex in memory. Curr. Biol. 23, R764–R773. doi:
10.1016/j.cub.2013.05.041
Raihani, G., González, D., Arteaga, L., and Hudson, R. (2009). Olfactory
guidance of nipple attachment and suckling in kittens of the domestic cat:
inborn and learned responses. Dev. Psychobiol. 51, 662–671. doi: 10.1002/dev.
20401
Reep, R. L., Finlay, B. L., and Darlington, R. B. (2007). The limbic
system in Mammalian brain evolution. Brain Behav. Evol. 70, 57–70. doi:
10.1159/000101491
Rodríguez, F., López, J. C., Vargas, J. P., Broglio, C., Gómez, Y., and Salas,
C. (2002). Spatial memory and hippocampal pallium through vertebrate
evolution: insights from reptiles and teleost fish. Brain Res. Bull. 57, 499–503.
doi: 10.1016/S0361-9230(01)00682-7
Rowe, T. (1996a). Brain heterochrony and origin of the mammalian middle ear.
Mem. Cal. Acad. Sci. 20, 71–95.
Rowe, T. (1996b). Coevolution of the mammalian middle ear and neocortex.
Science 273, 651–654. doi: 10.1126/science.273.5275.651
Rowe, T. B., Macrini, T. E., and Luo, Z. X. (2011). Fossil evidence on
origin of the mammalian brain. Science 332, 955–957. doi: 10.1126/science.
1203117
Rowe, T. B., and Shepherd, G. M. (2015). The role of ortho-retronasal olfaction in
mammalian cortical evolution. J. Comp. Neurol. doi: 10.1002/cne.23802. [Epub
ahead of print].
Ruf, I., Maier, W., Rodrigues, P. G., and Schultz, C. L. (2014). Nasal anatomy of
the non-mammaliaform cynodont Brasilitherium riograndensis (Eucynodontia,
Therapsida) reveals new insight into mammalian evolution. Anat. Rec.
(Hoboken) 297, 2018–2030. doi: 10.1002/ar.23022
Sahay, A., Wilson, D. A., and Hen, R. (2011). Pattern separation: a common
function for new neurons in hippocampus and olfactory bulb. Neuron 70,
582–588. doi: 10.1016/j.neuron.2011.05.012
Sanai, N., Nguyen, T., Ihrie, R. A., Mirzadeh, Z., Tsai, H.-H., Wong, M.,
et al. (2011). Corridors of migrating neurons in the human brain and
their decline during infancy. Nature 478, 382–386. doi: 10.1038/nature
10487
Frontiers in Neuroscience | www.frontiersin.org 11 October 2015 | Volume 9 | Article 402
Aboitiz and Montiel An ecological context for the evolutionary development of the isocortex
Sanchez-Andrade, G., and Kendrick, K. M. (2009). The main olfactory system
and social learning in mammals. Behav. Brain Res. 200, 323–335. doi:
10.1016/j.bbr.2008.12.021
Sanides, F. (1968). The architecture of the cortical taste nerve areas in squirrel
monkey (Saimiri sciureus) and their relationships to insular, sensorimotor and
prefrontal regions. Brain Res. 8, 97–124. doi: 10.1016/0006-8993(68)90174-1
Schaal, B. (2010). Mammary odor cues and pheromones: mammalian infant-
directed communication about maternal state, mammae, and milk. Vitam.
Horm. 83, 83–136. doi: 10.1016/S0083-6729(10)83004-3
Schaal, B., Coureaud, G., Doucet, S., Delaunay-El Allam, M., Moncomble, A.-S.,
Montigny, D., et al. (2009). Mammary olfactory signalisation in females and
odor processing in neonates: ways evolved by rabbits and humans. Behav. Brain
Res. 200, 346–358. doi: 10.1016/j.bbr.2009.02.008
Schaal, B., Coureaud, G., Langlois, D., Giniès, C., and Sémon, E. (2003). Chemical
and behavioural characterization of the rabbit mammary pheromone. Nature
24, 68–72. doi: 10.1038/nature01739
Shepherd, G. M. (2007). Perspectives on olfactory processing, conscious
perception, and orbitofrontal cortex. Ann. N.Y. Acad. Sci. 1121, 87–101. doi:
10.1196/annals.1401.032
Shepherd, G. M. (2011). The microcircuit concept applied to cortical
evolution: from three-layer to six-layer cortex. Front. Neuroanat. 5:30.
doi: 10.3389/fnana.2011.00030
Smart, I. H. M. (2008). Evolution, development, and initial function of the
mammalian neocortex: response of the germinal zones to endothermy. Anat.
Rec. (Hoboken) 291, 28–48. doi: 10.1002/ar.20629
Solovei, I., Kreysing, M., Lanctôt, C., Kösem, S., Peichl, L., Cremer, T., et al. (2009).
Nuclear architecture of rod photoreceptor cells adapts to vision in mammalian
evolution. Cell 137, 356–368. doi: 10.1016/j.cell.2009.01.052
Song, J., Christian, K. M., and Ming, G. (2012). Modification of hippocampal
circuitry by adult neurogenesis. Dev. Neurobiol. 72, 1032–1043. doi:
10.1002/dneu.22014
Stevenson, R. J. (2009). Phenomenal and access consciousness in olfaction.
Conscious. Cogn. 18, 1004–1017. doi: 10.1016/j.concog.2009.09.005
Striedter, G. F. (2015). Evolution of the hippocampus in reptiles and birds. J. Comp.
Neurol. doi: 10.1002/cne.23803. [Epub ahead of print].
Taube, J. S. (2007). The head direction signal: origins and sensory-motor
integration. Annu. Rev. Neurosci. 30, 181–207. doi: 10.1146/annurev.
neuro.29.051605.112854
Vanderwolf, C. H. (2001). The hippocampus as an olfacto-motor mechanism:
were the classical anatomists right after all? Behav. Brain Res. 127, 25–47. doi:
10.1016/s0166-4328(01)00354-0
Vega-Zuniga, T., Medina, F. S., Fredes, F., Zuniga, C., Severín, D., Palacios,
A. G., et al. (2013). Does nocturnality drive binocular vision? Octodontine
rodents as a case study. PLoS ONE 8:e84199. doi: 10.1371/journal.pone.
0084199
Wacker, D. W., and Ludwig, M. (2012). Vasopressin, oxytocin, and social
odor recognition. Horm. Behav. 61, 259–265. doi: 10.1016/j.yhbeh.2011.
08.014
Walls, G. L. (1942). The Vertebrate Eye and its Adaptive Radiation. Cranbrook, BC:
Bloomfield Hills, Mich; Cranbrook Institute of Science.
Wang, Y., Brzozowska-Prechtl, A., and Karten, H. J. (2010). Laminar and columnar
auditory cortex in avian brain. Proc. Natl. Acad. Sci. U.S.A. 107, 12676–12681.
doi: 10.1073/pnas.1006645107
Wang, Y., Hu, Y., Meng, J., and Li, C. (2001). An ossified
Meckel’s cartilage in two Cretaceous mammals and origin of the
mammalian middle ear. Science 294, 357–361. doi: 10.1126/science.
1063830
Warren, W. C., Hillier, L. W., Marshall Graves, J. A., Birney, E., Ponting,
C. P., Grützner, F., et al. (2008). Genome analysis of the platypus reveals
unique signatures of evolution. Nature 453, 175–183. doi: 10.1038/nature
06936
Yopak, K. E., Lisney, T. J., Darlington, R. B., Collin, S. P., Montgomery, J.
C., and Finlay, B. L. (2010). A conserved pattern of brain scaling from
sharks to primates. Proc. Natl. Acad. Sci. U.S.A. 107, 12946–12951. doi:
10.1073/pnas.1002195107
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Aboitiz and Montiel. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Neuroscience | www.frontiersin.org 12 October 2015 | Volume 9 | Article 402
